Faithful transmission or restoration of epigenetic information such as repressive histone modifications through generations is critical for the maintenance of cell identity. We report here that chromodomain Y-like protein (CDYL), a chromodomain-containing transcription corepressor, is physically associated with chromatin assembly factor 1 (CAF-1) and the replicative helicase MCM complex. We showed that CDYL bridges CAF-1 and MCM, facilitating histone transfer and deposition during DNA replication. We demonstrated that CDYL recruits histone-modifying enzymes G9a, SETDB1, and EZH2 to replication forks, leading to the addition of H3K9me2/3 and H3K27me2/3 on newly deposited histone H3. Significantly, depletion of CDYL impedes early S phase progression and sensitizes cells to DNA damage. Our data indicate that CDYL plays an important role in the transmission/restoration of repressive histone marks, thereby preserving the epigenetic landscape for the maintenance of cell identity.
Introduction
Epigenetics is defined as 'the inheritance of variation above and beyond changes in the DNA sequence' (Bonasio et al., 2010) . While chromatin configurations, such as DNA methylation, histone modifications, and histone variants, have certain degree of plasticity, maintenance of epigenetic stability across generations is essential to preserve distinct gene expression profiles in different cell types. Although evidence suggests that maturation of chromatin states could be a continuous process throughout the cell cycle (Chen et al., 2011; Zee et al., 2012; Alabert et al., 2014) , proper re-establishment of chromatin structures and epigenetic modifications during replication is critical to maintain cellular memory across generations (Alabert and Groth, 2012; Hathaway et al., 2012) . Chromatin reconstruction during replication mainly includes two aspects: (i) disassembly of pre-existing chromatin/releasing of parental histones ahead of replication forks and (ii) deposition of both recycled and newly synthesized histones onto daughter strands. Disassembly of pre-existing chromatin is accompanied by unwinding duplex DNA, a process catalyzed by the multicomponent DNA helicase complex MCM (Bochman and Schwacha, 2009) . Interestingly, the MCM complex can serve as a transient docking site for released parental histones (Groth et al., 2007a) . It is important to efficiently recycle parental histones, especially for those with modifications involved in gene silencing and chromatin compaction, because these old histones serve as the 'seed' for the propagation of epigenetic information on daughter strands (Campos et al., 2014) . Proper reconstruction of chromatin is also dependent on histone chaperones, among which chromatin assembly factor 1 (CAF-1), an evolutionally conserved complex composing of three subunits, p150, p60, and p48, has been reported to deposit newly synthesized H3-H4 onto replicating DNA for de novo chromatin assembly (Kaufman et al., 1995; Shibahara and Stillman, 1999) . Whether and how CAF-1 is involved in deposition of parental nucleosomal histones still needs investigations.
Compared to the more dynamic transcriptional active histone modifications such as acetylation, the inheritance of repressive histone modifications such as methylation of H3K9 and H3K27 has drawn much attention for their essential roles in proper chromosome segregation, development, and maintenance of cell identity (Whitehouse and Smith, 2013) . It is known that H3K9me1/2 are catalyzed by histone methyltransferases (KMTs) G9a/GLP (Tachibana et al., 2005) , and H3K9me3 is added by SETDB1 (Schultz et al., 2002) and SUV39H1/2 Rea et al., 2000) , while H3K27me2/3 are catalyzed by the PRC2 complex, a multisubunit protein assembly containing the catalytic subunit EZH2 and other core constituents SUZ12, EED, and RbAp46/48 (Margueron and Reinberg, 2011) . It has been proposed that the EED component of PRC2 specifically binds to H3K27me3-modified histone tails, leading to the propagation of H3K27me3 to neighboring nucleosomes or sister chromatids (Hansen et al., 2008; Margueron et al., 2009) . However, the binding affinity of EED for H3K27me3 is significantly lower compared to that of HP1 for H3K9me3 Xu et al., 2010) , and there is no evidence that EED could be recruited to replication sites where nucleosome reassembly occurs, suggesting other readers exist for efficient transmission of H3K27me3 through cell divisions.
Previously, we reported that the chromodomain Y-like protein (CDYL) exhibits a much stronger affinity toward H3K27me2/3 than EED does. We showed that CDYL directly interacts with EZH2, generating a positive feedback loop to facilitate the propagation of H3K27me3 along chromatin . Other researchers have also identified CDYL as one of the strongest binders for H3K27me3 through a genome-wide quantitative interaction proteomics study . Interestingly, CDYL has been also reported to possess high affinity for H3K9me2/3 (Franz et al., 2009; Bartke et al., 2010; Vermeulen et al., 2010) and interact with G9a (Mulligan et al., 2008) . In this study, we investigate the role of CDYL in chromatin reconstruction during replication.
Results
Chromodomain Y-like protein CDYL is physically associated with histone chaperone CAF-1 during S phase
To investigate whether and how CDYL might functionally contribute to the inheritance of the repressive histone modifications, we identified cellular proteins that are associated with CDYL during S phase. In these experiments, FLAG-tagged CDYLb (FLAG-CDYL, we used isoform b, the major CDYL isoform expressed in most human cells) was stably expressed in U2OS cells. Cells were synchronized in G 1 /S phase by a double thymidine block and released for 2 h to allow them to enter S phase. Affinity purification using anti-FLAG and mass spectrometry (MS) analysis of the CDYL-containing protein complex revealed that CDYL is associated with multiple proteins including CHAF1a (p150) and CHAF1b (p60), two components of the CAF-1 complex ( Figure 1A , the detailed MS results are provided in Supplementary Table S1 ). This result was confirmed by western blotting with specific antibodies against individual CAF-1 components ( Figure 1B) . The association between CDYL and CAF-1 in vivo was further validated by co-immunoprecipitation (co-IP) assays with antibodies against CDYL followed by immunoblotting (IB) with antibodies against p150, p60, or p48 ( Figure 1C) . HA-tagged p48 was expressed, because the molecular weight of p48 (48 kDa) is too close to that of the IgG heavy chain (50 kDa). GST pull-down experiments performed with bacterially expressed GST-CDYL and in vitro transcribed/translated components of the CAF-1 complex revealed that CDYL interacts directly with p150, but not p60 or p48 ( Figure 1D ). Further mapping the molecular interface involved in the interaction between CDYL and p150 showed that the region of 161-309 aa in CDYL and the region of 261-640 aa in p150 are responsible for their interaction ( Figure 1E) , suggesting that the recruitment of the CAF-1 complex by CDYL in vivo is through an interaction between CDYL and p150.
To further determine whether the interaction between CDYL and CAF-1 occurs specifically during S phase, we examined the intracellular localization of CDYL and p150 in different phases of the cell cycle. Fluorescent imaging of GFP-p150 and immunostaining of FLAG-CDYL showed that CDYL and p150 were colocalized in the nucleus, but only during G 1 /S and S phase; during G 2 /M phase, these two proteins were largely apart ( Figure 1F ). Together, these experiments support the physical association of CDYL and the CAF-1 complex during S phase.
CDYL bridges CAF-1 and chromatin-associated MCM complex
Our affinity purification and MS study also identified MCM3 and MCM5, two components of the MCM complex, interacting with CDYL ( Figure 1A ). Co-IP assays performed with U2OS cell lysates demonstrated that CDYL indeed interacts with all components of the MCM complex in vivo (Figure 2A) . To further support that CDYL is associated with both CAF-1 and MCM in cells, Figure 1 The CAF-1 complex is physically associated with CDYL. (A) MS analysis of CDYL-associated proteins. U2OS cells stably expressing FLAG-CDYL were synchronized by a double thymidine block and released for 2 h. Cellular extracts were subsequently collected and subjected to affinity purification with anti-FLAG immobilized on the agarose beads. The eluates were resolved by SDS-PAGE and visualized by silver-staining. The bands were retrieved and analyzed by MS. (B) Western blotting of G9a, CDYL, MCM5, p60, and p150 in FLAG-CDYLassociated protein complex. (C) CDYL interacts with the CAF-1 complex in vivo. Whole-cell lysates from U2OS or HEK-293T cells were prepared, and IP was performed with anti-CDYL followed by IB with antibodies against p150, p60, and HA. (D) CDYL interacts directly with p150 in vitro. GST pull-down assays were performed with the indicated GST-CDYL fusion proteins and in vitro transcribed/translated p150, p60, and p48. (E) Mapping the molecular interface involved in the interaction between CDYL and p150. GST pull-down experiments were performed with a series of deletion mutants of CDYL and p150 as indicated. (F) Cell cycle-dependent colocalization of CDYL and p150. U2OS cells were transfected with GFP-p150 and FLAG-CDYL, synchronized by a double thymidine block, and released for indicated hours. Cells were fixed and immunostained with anti-FLAG antibody. Scale bar, 10 μm.
protein fractionation experiments were carried out by FPLC with Superose 6 columns and a high-salt extraction and size exclusion approach. Notably, native CDYL from U2OS cells was eluted with an apparent molecular mass much greater than that of the monomeric protein; CDYL immunoreactivity was detected in chromatographic fractions with a relatively symmetrical peak centered between~667 and~2000 kDa, an elution pattern largely overlapped with that of the components of CAF-1 and MCM complexes ( Figure 2B ), supporting that CDYL is associated with both complexes in vivo. Analogously, GST pull-down experiments showed that CDYL interacts directly with only MCM4, but not other MCM2−7 components ( Figure 2C ). Using a series of deletion mutants of CDYL and MCM4, we demonstrated that the region of 211-309 aa in CDYL and the region of 251-750 aa in MCM4 are responsible for their interaction ( Figure 2D) . Meanwhile, GST pull-down experiments revealed that none of the MCM2−7 components interacts directly with CAF-1 subunits (Supplementary Figure S1) .
The observation that CDYL interacted with both CAF-1 and MCM without direct interaction between CAF-1 and MCM points to a scenario that CDYL serves as a bridging factor for the two complexes. To test this hypothesis, we established a somatic CDYL knockout (CDYL-KO) U2OS cell line using transcription activator-like effector nucleases (TALEN) technology (Sanjana et al., 2012) and examined whether depletion of CDYL would impair the interaction between CAF-1 and MCM. Western blotting and qRT-PCR confirmed the successful elimination of CDYL expression in CDYL-KO cells (Supplementary Figure S2) . Co-IP assays showed that p150 subunit of CAF-1 interacted with MCM4 component of MCM in wild-type (WT) U2OS cells but not in CDYL-KO cells ( Figure 2E) , while neither the expression nor subcellular distribution of p150 and MCM4 protein was altered ( Figure 2F ). Moreover, in vitro reconstitution experiments conducted with purified recombinant proteins showed that MCM4 could be pulled down by GST-p150 only when His-CDYL was present in the reaction system ( Figure 2G ), further supporting that CDYL serves as a bridging factor for CAF-1 and MCM. Notably, IP assays performed with lysates of S-phase U2OS cells revealed that the interaction between CDYL and CAF-1 or MCM components could be detected predominantly in chromatin but not soluble fractions, indicating that CDYL interacts with both CAF-1 and MCM complexes mainly on chromatin ( Figure 2H ).
CDYL recruits KMTs G9a, SETDB1, and EZH2 to replication forks Next, to test whether CDYL is recruited to replication sites, U2OS cells were transfected with GFP-CDYL construct, and intracellular localization of the fluorescent protein in S phase was examined. Cells were pre-extracted and fixed, and PCNA staining was performed to indicate replication sites, which were additionally labeled by 5-bromo-2-deoxyuridine (BrdU) staining. Confocal microscopy clearly showed that wild-type CDYL was almost completely co-localized with PCNA ( Figure 3A) . Notably, loss of either N-terminal chromodomain, which recognizes H3K9me2/3 and H3K27me2/3, or the middle region of CDYL, which interacts with replisome components p150 and MCM4, led to partial detachment of the protein from replication spots ( Figure 3B ), suggesting that both regions are required for anchoring CDYL to replication sites.
CDYL was previously reported to interact with EZH2 and G9a, two KMTs responsible for H3K27me3 and H3K9me1/2, respectively (Mulligan et al., 2008; Zhang et al., 2011) . The formation of CAF-1−CDYL−MCM complex during S phase prompted us to examine whether this complex acts to recruit the KMTs to replication forks and plays a role in the transmission of the corresponding histone modifications in replicating chromatin. The physical association between CDYL and KMTs was first confirmed by co-IP assays performed with U2OS and HEK-293T cell lysates. We found that CDYL clearly interacts with G9a and EZH2 as expected, and also with SETDB1, which adds H3K9me3 mainly in euchromatin, whereas no interaction was detected between CDYL and SUV39H1, the KMT responsible for H3K9me3 in heterochromatin ( Figure 3C ). The direct interaction between CDYL and EZH2, G9a, or SETDB1 was further demonstrated by the GST pull-down assays ( Figure 3D ). Significantly, endogenous Cellular fractionation was performed in WT (CDYL+/+) or CDYL-KO (CDYL-/-) U2OS cells to separate cytoplasmic, nuclear-soluble, and chromatin fractions. Protein lysates from each fraction were subjected to IB with the indicated antibodies. GAPDH and H3 were used as loading controls. (G) CDYL mediates the interaction between p150 and MCM4 in vitro. Reconstitution GST pull-down assays were performed with indicated GST-p150 deletion mutants and in vitro transcribed/translated HA-MCM4, in the absence or presence of bacterially purified His-CDYL. (H) CDYL interacts with MCM and CAF-1 on chromatin. U2OS cells were synchronized by a double thymidine block and released for 3 h to allow cells to enter S phase. Soluble and chromatin-bound fractions were collected, and IP was performed with anti-CDYL followed by IB using antibodies against the indicated proteins.
co-IP assays detected the physical association of p150 (CAF-1) with EZH2 and G9a in WT U2OS cells but not in CDYL-KO cells ( Figure 3E ). Likewise, physical interaction between MCM4 and EZH2 or G9a was detected in WT U2OS cells but not in CDYL-KO cells ( Figure 3F ). Collectively, these results support not only a role of CDYL in connecting CAF-1 and MCM complexes, but also a function of CDYL in the recruitment of KMTs by the CAF-1−CDYL−MCM machinery.
To further consolidate the association of CDYL with replication forks and examine its function in the recruitment of KMTs, we next utilized accelerated native isolation of proteins on nascent DNA (aniPOND) method (Sirbu et al., 2012; Leung et al., 2013; Aranda et al., 2014) to purify endogenous replication forkassociated proteins. To this end, U2OS cells were first pulselabeled with thymidine analog 5-ethynyl-2-deoxyuridine (EdU) for 10 min, and the cells were subsequently chased for 90 min to detect proteins specifically associated with nascent DNA. The EdU incorporation in WT and CDYL-KO cells was monitored by FACS to ensure the equivalent capturing of EdU-labeled chromatin in the aniPOND assays ( Figure 3G ). As expected, histone H3, classic replication fork-associated protein PCNA, p150, p60, p48, and MCM4 were all detected by this method. Significantly, CDYL, G9a, SETDB1, as well as PRC2 components EZH2, SUZ12, and EED, were also readily detected in WT U2OS cells, supporting the coexistence of CDYL and these KMTs at replication forks ( Figure 3H) . Importantly, while CAF-1 components, MCM4, and PCNA were still detected by aniPOND analysis in CDYL-KO cells, the PRC2 components, G9a, and SETDB1 were largely diminished, accompanying with the significantly decreased replication fork-associated H3K9me2/3 and H3K27me2/3 in these cells ( Figure 3H ). Together, these data indicate that CDYL functions to recruit KMTs G9a, SETDB1, and PRC2 to replication forks and could play a role in the restoration/re-establishment of methylation of H3K9 and H3K27 during replication.
Restoration of H3K9me2/3 and H3K27me2/3 on newly assembled chromatin during S phase requires CDYL We next analyzed the expression levels of CAF-1−CDYL−MCM components, CDYL-associated KMTs and histone modifications throughout the cell cycle. Western blotting revealed that the level of H3K27me3 gradually decreased from early to late S phase, consistent with a previous report (Lanzuolo et al., 2011) . Interestingly, p150, CDYL, MCM4, and EZH2 displayed a similar pattern to that of H3K27me3, and the levels of H3K9me2/3 and G9a/SETDB1 followed a similar trend (Supplementary Figure S3) , implying a functional connection between CAF-1−CDYL−MCM and the restoration/re-establishment of methylation of H3K9 and H3K27 during replication.
To further support this, we utilized the stable isotope labelingbased quantitative MS (SILAC) method (Chen et al., 2011; Xu et al., 2012) to examine whether depletion of CDYL would affect the establishment of H3K9me2/3 and H3K27me2/3 on newly deposited H3 ( Figure 4A ). Compared to WT U2OS cells, while the levels of unmodified histone peptides in CDYL-KO cells were not changed ( Figure 4B ), a significant delay in the establishment of H3K27me3 on new histones was observed upon CDYL depletion ( Figure 4C ). For example, at 6 h after G 1 /S release, the ratio of Lys-6/Lys-0 (newly deposited histones/old histones) of H3K27me3 in WT cells was 0.135, whereas this ratio in CDYL-KO cells was only 0.039,~28.9% of the normal value. Similar delay was also found for H3K27me2 and H3K9me2/3 establishment on new histones ( Figure 4C ). Since newly synthesized histones generally lack H3K27me2/3 and H3K9me2/3 pre-deposition (Almouzni and Cedar, 2016) , the above data indicate that CDYL is required for the restoration of these repressive histone marks on daughter chromatin during replication. We also performed SILAC experiments in U2OS cells treated with specific siRNAs against p150 or MCM4. Compared to WT cells, depletion of MCM4 also caused significant delay in restoration of H3K27me2/3 and H3H9me2/3 on Figure 3 CDYL recruits EZH2, G9a, and SETDB1 to replication forks. (A) CDYL is localized at sites of DNA replication. U2OS cells were transfected with GFP-CDYL, synchronized by a double thymidine block, and released for 3 h to allow cells to enter S phase. Cells were subsequently pulse-labeled with 20 μM BrdU for 15 min, pre-extracted, fixed, and stained. Denaturation step was applied for BrdU staining. Scale bar, 10 μm. (B) Both chromodomain and the middle region of CDYL are required for its localization at replication sites. U2OS cells were transfected with GFP-CDYL-D1 (mutant lack of N-terminal chromodomain) or GFP-CDYL-D2 (mutant lack of the middle 61−309 aa) and synchronized by a double-thymidine block. Cells were released for 3 h to enter S phase before pre-extracted, fixed, and stained with PCNA antibody. Scale bar, 10 μm. (C) CDYL interacts with EZH2, G9a, and SETDB1 in vivo. Whole-cell lysates from U2OS cells or HEK-293T cells were collected, and IP was performed with anti-CDYL followed by IB using antibodies against the indicated proteins. (D) CDYL directly interacts with EZH2, G9a, and SETDB1 in vitro. GST pull-down assays were performed with GST-fused CDYL and in vitro transcribed/translated FLAG-EZH2, FLAG-G9a, and Myc-SETDB1. (E) CDYL is required for the interaction between p150 and EZH2, G9a, and SETDB1. Co-IP assays for p150 and EZH2, G9a, SETDB1, MCM4, p60, and CDYL were performed in WT or CDYL-KO U2OS cells. (F) CDYL is required for the interaction between MCM4 and EZH2, G9a, and SETDB1. Co-IP assays for MCM4, and p150, G9a, SETDB1, EZH2, MCM4 and CDYL were performed in WT or CDYL-KO U2OS cells. (G) EdU incorporation assays were performed in WT and CDYL-KO (KO) cells. U2OS cells were incubated for 10 min with 10 μM EdU before the EdU incorporation was analyzed by flow cytometry. (H) CDYL is required to recruit PRC2 components (EZH2, SUZ12, and EED), G9a, and SETDB1 to replication forks. AniPOND experiments were performed in WT or CDYL-KO (KO) U2OS cells. Cells were pulsed with 10 μM EdU for 10 min. When indicated, pulsed cells were chased with 10 μM thymidine for 90 min after washing out the EdU. Cells were not treated with EdU in the control groups but a Click-IT reaction was performed. While CAF-1 components, PRC2 components, G9a, SETDB1, MCM4, and CDYL coexist at replication forks in WT cells, PRC2 components, G9a, and SETDB1 were largely diminished in KO cells. Meanwhile, the presence of H3K27me2/3 and H3K9me2/3 were also largely decreased at replication forks in KO cells. PCNA and H3 were used as positive controls. new chromatin without affecting the overall histone incorporation rate ( Figure 4D) . Notably, however, knockdown of p150 resulted in significantly reduced amount of newly synthesized H3 peptide, although a substantial delay of H3K27me2/3 and H3K9me2/3 establishment was also detected ( Figure 4D ). As CAF-1 is the major histone chaperone responsible for H3-H4 deposition, these observations probably reflect a feedback inhibition of histone synthesis due to the blockage of new histone incorporation. Together, the above data indicate that CDYL, as well as CAF-1 and MCM, are required for the restoration of H3K9me2/3 and H3K27me2/3 on newly assembled chromatin during S phase.
Depletion of CDYL and CAF-1 impairs the helicase activity of MCM Transmission of H3K9me2/3 and H3K27me2/3 on newly assembled chromatin relies on efficient deposition of the 'seed', parental histones already labeled with these modifications (Campos et al., 2014) . It has been reported that MCM helicase can act as the transient docking site of the released old histones (Groth et al., 2007a ). Since we found that CDYL bridges the interaction between CAF-1 and MCM on replicating chromatin, it is possible that CAF-1−CDYL−MCM components coordinately transport and re-deposit parental (H3-H4) 2 tetramers, especially those with pre-existing H3K9me2/3 and H3K27me2/3 marks. We reasoned that if this is the case, disruption of CAF-1−CDYL−MCM machinery, by depletion of either CDYL or p150, could compromise the helicase activity of MCM, since timely removal of parental histones is required for continuous unwinding DNA in the context of chromatin. To test this hypothesis, U2OS cells were treated with hydroxyurea (HU), which depletes nucleotide pool and thus leads to the inhibition of DNA polymerase and formation of single-stranded DNA (ssDNA). Upon HU treatment, the majority of WT U2OS cells in S phase generated ssDNA patches, which were largely impeded in CDYL-KO cells and successfully restored by reintroduction of CDYL expression ( Figure 5A) , suggesting that the role of CDYL in this process is specific. Similarly, knockdown of p150 also led to impaired HU-induced ssDNA formation ( Figure 5A ). We additionally monitored ssDNA formation with replication protein A (RPA, which binds to ssDNA) binding assay (Groth et al., 2007a) . Treating cells with HU resulted in a significant increase in acute RPA accumulation in pre-extracted S phase cells, whereas depletion of CDYL or pl50 led to a reduced response ( Figure 5B) . Loss of either CDYL or p150 did not affect RPA expression ( Figure 5B, Supplementary Figure S4A ), indicating that lack of RPA binding was due to lack of ssDNA formation.
We performed a series of experiments to rule out the possibility that lack of ssDNA formation in CDYL/p150-depleted cells is caused by indirect effects, such as reduced MCM complex recruitment, DNA damage at the replication fork, generally reduced fork progression, or reduced origin firing (Mejlvang et al., 2014) . We first examined whether the amount of HU treatment would enhance DNA damage response in CDYL-KO cells. No evident γH2AX induction was found upon CDYL depletion, and HU treatment elicited similar increase in γH2AX levels in both WT and CDYL-KO cells (Supplementary Figure S4B) . Depletion of CDYL neither affected the overall stability of the MCM complex on chromatin (Supplementary Figure S4C) , nor disturbed the interaction between MCM and ASF1 (Supplementary Figure S4D) , a chaperone that was previously reported to be involved in parental histone eviction (Groth et al., 2007a) . Moreover, DNA fiber assays revealed that depletion of CDYL in U2OS cells had little effect on replication fork speed, whereas depletion of either p150 or MCM4 significantly hindered fork progression ( Figure 5C ). Depletion of CDYL also did not affect origin firing or other chromatin structures such as stalled fork or termination (Supplementary Figure S4E) . These results suggest that the decrease in HU-induced ssDNA formation upon CDYL depletion is likely caused by hampered MCM helicase activity. Depletion of p150 or MCM4 delayed replication fork progression more significantly, which probably reflects their more general roles as replisome components.
Depletion of CDYL impedes early S phase progression and sensitizes cells to DNA damage
It was reported that knockdown of p150 leads to a reduced level of p60 component of CAF-1, suggesting that the stability of the CAF-1 complex is cooperatively regulated (Hoek and Stillman, 2003) . Intriguingly, depletion of p150 in U2OS or HeLa cells also resulted in a decrease in CDYL levels, while the levels of MCM4, G9a, SETDB1, and EZH2 were not affected (Supplementary Figure S5A) . qRT-PCR indicated that CDYL mRNA did not change, suggesting that the (A) Illustration of the SILAC-based quantitative MS method. In brief, U2OS cells were arrested with a double thymidine block. Cells were subsequently released for different hours in [
13
C 6 ] heavy isotope-labeled L-lysine (Lys-6)-supplemented medium to label newly synthesized proteins. Histone samples were acid-extracted (to release chromatin histones), resolved in 12% SDS-PAGE gel, and subjected to MS analysis. (B) Total incorporation of newly synthesized histones is not changed in CDYL-KO cells. The K6/K0 ratio (represents new/old) of representative H3.1 backbone peptides was calculated according to MS data in WT and CDYL-KO cells. Pro, propionylation. (C) Depletion of CDYL impairs establishment of H3K27me2/3 and H3K9me2/3 on newly deposited histones. The K6/K0 ratio of histone peptides modified with H3K27me2/3 and H3K9me2/3 was calculated according to MS data in WT and CDYL-KO cells. (D) Depletion of p150 or MCM4 impairs establishment of H3K27me2/3 and H3K9me2/3 on newly deposited histones. U2OS cells were transfected with specific siRNAs against p150 or MCM4. The K6/K0 ratio of H3.1 backbone peptides or histone peptides modified with H3K27me2/3 and H3K9me2/3 was calculated according to MS data. Note upon p150 depletion, total incorporation of newly synthesized histones was also significantly impaired. Error bars represent mean ± SD for triplicate experiments. *P < 0.05. (20 μg/ml) was added during the last 24 h of siRNA treatment and was removed by a brief wash prior to HU treatment (4 mM, 2 h), preextraction, and fixation. BrdU in ssDNA patches and PCNA were detected without a DNA denaturation step. Scale bar, 10 μm. Diagrams show the frequency of PCNA-positive BrdU foci. Bars represent mean ± SD for triplicate experiments. *P < 0.05, **P < 0.01, two-tailed unpaired t-test. (B) Depletion of CDYL or p150 reduces chromatin-bound RPA1 upon HU treatment. The experimental design is shown. Cells were transfected, synchronized, released into S phase for 4 h, and treated with HU for 2 h. RPA1 staining in pre-extracted cells was reduced upon CDYL/p150 depletion, while total PRA protein levels were not changed. Scale bar, 10 μm. (C) DNA fiber analysis of the rate of replication elongation. siRNA-treated U2OS cells were sequentially pulse-labeled with 50 μM IdU and 50 μM CldU, each for 15 min. A sketch delineating experimental design and representative images of dual-labeled fibers are shown. Green tracts, IdU; red tracts, CldU. CldU tract length was counted. Bars represent the median (n = 300 in each group). **P < 0.01, two-tailed unpaired t-test.
decrease of CDYL expression upon p150 knockdown occurs at the protein level (Supplementary Figure S5B) . Treating p150-depleted cells with proteasome inhibitor MG132 stabilized CDYL protein, indicating that the decrease of CDYL is due to proteasomal degradation (Supplementary Figure S5C) . Meanwhile, knockdown of CDYL did not affect p150 or MCM4, and knockdown of MCM4 did not affect p150 or CDYL (Supplementary Figure S5D) . These data support a close functional connection between CDYL and CAF-1, suggesting that p150 might represent the central regulatory node for the overall stability of the CAF-1−CDYL−MCM complex.
To extend our observations to a physiologically relevant response, we determined the effect of depletion of CDYL, as well as CAF-1 and MCM, on the growth and proliferation of U2OS cells. FACS analysis revealed similar cell cycle profile of unsynchronized CDYL-KO cells compared to WT U2OS cells (Supplementary Figure S6A) . BrdU incorporation and FACS examination of synchronized cells indicated that depletion of CDYL resulted in a significant delay in early S phase but not the overall S phase progression, and re-expression of CDYL in CDYL-KO cells successfully rescued this effect ( Figure 6A−C) . Consistent with previous reports (Hoek and Stillman, 2003; Ibarra et al., 2008) and the general role of CAF-1 and MCM in replication, depletion of either p150 or MCM4 by specific siRNAs also significantly impaired early to middle S phase progression (Supplementary Figure S6B-D) .
Since re-establishment of epigenetic modifications during replication is also vital for the maintenance of genome stability , we next analyzed the effect of depletion of CDYL, as well as CAF-1 or MCM, on the survival of U2OS cells responding to genetic insult. To this end, p150-, MCM4-, or CDYL-deficient U2OS cells were treated with camptothecin (CPT), which abolishes the religation activity of topoisomerase I and thus leads to double-strand break, replication fork collision, and S phase arrest (Regairaz et al., 2011) , or cytotoxic anticancer drug etoposide (VP16), which damages DNA by inhibition of the religation activity of topoisomerase II (Adachi et al., 2003) . Flow cytometry showed that U2OS cells deficient of p150, CDYL, or MCM4 exhibited a significant higher rate of apoptosis when exposed to CPT, but showed less change on VP16-induced apoptosis ( Figure 6D) . Consistent with the above data, western blotting revealed that treatment with CPT, but not VP16, increased levels of γH2AX induction in CDYL-, p150-, or MCM4-depleted cells ( Figure 7A ).
CPT activates S or G 2 -M arrest and homologous recombination (HR) repair in tumor cells, whereas VP16 damages DNA without affecting a particular cell cycle phase, and thus elicits mainly nonhomologous end joining (NHEJ) repair pathway (Adachi et al., 2003; Yang et al., 2013) . The differential cell response to CPT versus VP16 upon CDYL depletion led us to conceive that the CAF-1−CDYL−MCM machinery could be involved in HR rather than NHEJ repair pathway. To test this, we used GFP-based chromosomal reporter assays with two stable cell lines, DR-GFP-U2OS and EJ5-GFP-HEK293, both of which have been well-established to measure HR or NHEJ, respectively (Yang et al., 2013; Li et al., 2014) . Knockdown of CDYL was associated with a significant decrease in the percentage of GFP + DR-U2OS cells, an effect that could be rescued by overexpression of a siRNA-resistant CDYL construct ( Figure 7B) . Likewise, knockdown of p150 or MCM4 also resulted in a significant reduction in the percentage of GFP + DR-U2OS cells ( Figure 7B ). By contrast, no significant changes were observed for the efficiency of total NHEJ in CDYL-deficient EJ5-HEK293 cells ( Figure 7C ), suggesting that CDYL, together with CAF-1 and MCM, is involved in HR but not NHEJ repair pathway. Furthermore, ChIP analysis clearly showed that CDYL, MCM4, and p150 were indeed all enriched at DNA damage sites in DR-GFP-U2OS cells ( Figure 7D) . Knockdown of p150 led to diminished local enrichment of CDYL, suggesting that CDYL is targeted to DNA damage sites through its interaction with p150 ( Figure 7E) . Significantly, knockdown of CDYL abolished the recruitment of EZH2, G9a, and SETDB1 and the concomitant local enrichment of H3K9me2/3 and H3K27me2/3 ( Figure 7F ), suggesting that CDYL is functional at these sites. Together, the above data support the argument that CDYL plays an important role in the maintenance of genome stability.
Discussion
Maintenance and inheritance of epigenetic information with a high fidelity is a great challenge to all proliferating cells. Despite its importance, the underlying molecular mechanism of epigenetic inheritance, in particular the maintenance of dynamic histone modifications is less clear. It is thought that transcriptionally active histone modifications on parental nucleosomes are not necessarily duplicated in a replication-coupled manner, as long as a permissive chromatin structure is sufficiently maintained, such that new nucleosomes will acquire active marks when transcription resumes (Groth et al., 2007b) . By contrast, epigenetic domains enriched with repressive histone modifications, such as methylation of H3K9 and H3K27, are more critical to be faithfully inherited as they are essential for proper chromosome segregation and maintenance of cell identity (Zhu and Reinberg, 2011; Alabert and Groth, 2012) . A classic example of histone modification inheritance is HP1-mediated H3K9me3 propagation in heterochromatin (Hathaway et al., 2012) . Previous studies also suggest that pre-existing DNA methylation could contribute to replication-coupled restoration of H3K9 methylation mediated by KMTs SETDB1 and G9a (Sarraf and Stancheva, 2004; Esteve et al., 2006) . Specifically, SETDB1 could be recruited by methyl-CpG binding protein MBD1 to p150, facilitating stable heterochromatin formation during replication (Sarraf and Stancheva, 2004) ; whereas G9a and DNMT1 are loaded onto replication foci by PCNA to coordinate DNA and histone methylation (Esteve et al., 2006) . Whether a self-propagation mechanism exists for SETDB1/G9a-mediated H3K9 methylation is not clear. In the case of H3K27me3, researchers have proposed that EED subunit of PRC2 is responsible for the propagation of this modification on chromatin (Hansen et al., 2008; Margueron et al., 2009) . However, the relatively low binding affinity of EED for H3K27me3 Xu et al., 2010) and lack of evidence that EED can bind to any replisome components in mammalian cells (Margueron et al., 2009 ) leave open whether EED is the major molecule in charge of H3K27me3 inheritance.
In this report, we identified chromodomain protein and transcription corepressor CDYL, through its interaction with histone chaperone CAF-1 and DNA helicase MCM during replication, as a key player in mediating the inheritance and maintenance of H3K9me2/3 and H3K27me2/3. The role of CDYL in many ways mimics the action of HP1, as both proteins contain chromodomain that recognizes repressive histone methylation; both proteins directly interact with KMTs (CDYL interacts with G9a, SETDB1, and EZH2, whereas HP1 interacts with SUV39H1); and both proteins directly interact with p150 subunit of CAF-1 during replication, but no direct interaction was found between EED and p150 (Supplementary Figure S7) . The strong enrichment of CDYL in replicating chromatin is also supported by a recent study using nascent chromatin capture (NCC) to profile chromatin proteome dynamics during S phase . Compared to MBD1 and DNMT1, two factors previously reported to recruit SETDB1 and G9a to replication sites (Sarraf and Stancheva, 2004; Esteve et al., 2006) , CAF-1−CDYL−MCM-mediated histone modification inheritance does not require pre-existing DNA methylation, suggesting that this machinery possibly functions in less compact chromatin regions. Consistently, depletion of CDYL mainly impedes progression of early S phase ( Figure 6A−C) , when replication of euchromatin rather than the more condensed heterochromatin takes place (Alabert and Groth, 2012) .
It was previously thought CAF-1 is mainly responsible for the deposition of newly-synthesized H3-H4, which are associated with histone chaperone ASF1, onto replicating DNA for de novo chromatin assembly (Campos et al., 2014; Almouzni and Cedar, 2016) . Whether CAF-1 is involved in parental H3-H4 transfer is not clear. Unlike new histones, which are transferred and deposited in dimers for both H2A-H2B and H3-H4, parental nucleosomes are generally disrupted into two H2A-H2B dimers and one (H3-H4) 2 tetramer, which are then re-assembled on daughter strands (Groth et al., 2007b; Alabert and Groth, 2012) . Because H2A-H2B dimers are susceptible to internucleosomal exchange throughout interphase, the (H3-H4) 2 tetrameric core is the likely candidate for transmitting epigenetic information (Campos et al., 2014) . How parental (H3-H4) 2 tetramers are transferred remains unclear. Evidence suggests that MCM helicase can serve as a transient docking site of released histones, and histone chaperone ASF1 interacts with MCM through a histone H3-H4 bridge and thus could handle parental histones at the replication fork (Groth et al., 2007a) . However, the binding interface between ASF1 and the histone dimer hinders the formation of H3-H3' contacts seen within (H3-H4) 2 tetramer (English et al., 2006) , countering in favor of a conservative segregation of nucleosomal histones. Other studies, mainly in yeast, propose that MCM interacts with FACT to facilitate direct transfer of parental histones (Abe et al., 2011; Foltman et al., 2013) . However, FACT is predominantly viewed as a H2A-H2B chaperone, although some researchers suggest that it can bind to all four histones (Belotserkovskaya et al., 2003; Stuwe et al., 2008) . Our current evidence suggests that the CAF-1−CDYL−MCM machinery at the replication fork could play a role in transfer of parental (H3-H4) 2 tetramers, which carry pre-existing H3K9me2/3 and H3K27me2/3, because the functional specificity of this machinery likely comes from CDYL. Further reconstitution assays are needed to solidify this proposal.
The role of CDYL in mediating the transmission of H3K9me2/3 and H3K27me2/3 is not likely due to its influence on the early S phase progression, as depletion of CDYL in cells does not affect the incorporation rate of H3K4me3, another histone modification existed in euchromatin and mainly established during early S phase (Supplementary Figure S8A) . Further dissecting the molecular details of CDYL in mediating its interactions with KMTs, p150, or MCM4 and generating specific CDYL point mutations should help to clarify the pleiotropic role of CDYL during replication, although the overlapping CDYL domains responsible for its interactions with respective proteins make systematic mutagenesis analysis somewhat difficult ( Figures 1E, 2D , and Supplementary Figure S8B) . Additionally, it is noted that CDYL can form multimers (Supplementary Figure S8C-E) , a feature similar to HP1 that might play a role in bridging nucleosomes to couple parental histone release and de novo chromatin assembly for faithful restoration of epigenetic information (Brasher et al., 2000) . Under this circumstance, whether CAF-1 also plays a role in duplicating H3K9me2/3 and H3K27me2/3 on new histones is less clear. However, we showed that depletion of p150 resulted in degradation of both p60 (Hoek and Stillman, 2003) and CDYL, indicating that the functional connection between CDYL and CAF-1 is tight. Therefore, we propose CAF-1 and CDYL may work together to propagate repressive histone modifications along newly assembled chromatin (Supplementary Figure S9) .
Transmission of epigenetic memories across generations faces daunting challenges, as gross chromatin remodeling events constantly occur during DNA replication, mitosis, meiosis, and developmental reprogramming. While our study suggests that dedicated mechanism exists to restore H3K27me2/3 and H3K9me2/3 in a replication-coupled manner, these data do not exclude that re-establishment of these marks could be a Figure 6 Depletion of CDYL inhibits cell cycle progression and sensitizes cells to DNA damage. (A) Depletion of CDYL inhibits cell cycle progression through early S phase. WT or CDYL-KO U2OS cells were synchronized by a double thymidine block and released for 6 h. Cells were labeled with 30 μM BrdU for 20 min and stained with BrdU antibody and propidium iodide (PI) for flow cytometry analysis. S phase was divided into three sub-S phases (early-S1, mid-S2, and late-S3) as indicated. (B and C) Summary of the above results showing cell cycle distribution in different phases (G 0 /G 1 , S, and G 2 /M) or sub-S phases (S1, S2, and S3), respectively. Bars represent mean ± SD for triplicate experiments. *P < 0.05, Student's t-test. (D) Depletion of CDYL, p150, or MCM4 promotes cell apoptosis. WT U2OS cells or cells depleted of CDYL, p150, or MCM4 were treated with 1 μM CPT or 40 nM VP16 for 36 h, and then double-stained with annexin V and propidium iodide. Cell apoptosis was determined by flow cytometry. Bars represent mean ± SD for three independent experiments. U2OS cells were treated with 1 μM CPT or 40 μM VP16 for 8 h before harvesting. Cell lysates were analyzed by IB. (B) CDYL is required for HR-mediated DNA repair. Schematic illustration of I-SceI-mediated double-strand break induction and repair using DR-GFP transgenes is shown. Cells were transfected with control, CDYL siRNA, p150 siRNA, MCM4 siRNA, or CDYL siRNA together with siRNA-resistant CDYL continuous process extended throughout the cell cycle (Aoto et al., 2008; Xu et al., 2012; Alabert et al., 2014) . The different cell cycle-dependent dynamics of the histone modifications observed by us (Supplementary Figure S3) versus others (Xu et al., 2012) could be due to different intervals and methods of sample collection. Beyond S phase, CDYL can still participate in the transmission of H3K27me3 and H3K9me3 along chromatin, as long as the protein reads these modifications and associates with the corresponding methyltransferases (Hathaway et al., 2012) . In this sense, acquiring cellular memory through histonebinding proteins could be a two-wave process: initial segregation at the replication fork and post-replicative recruitment to their genomic targets as chromatin matures (Zee et al., 2012) . Importantly, we demonstrated that CDYL also plays a role in HR repair (Figure 7) . Thus, whether CDYL functions to promote transcription inhibition to avoid negatively interference between active transcription and the repair machineries, and/or helps to restore chromatin structure after repair, awaits further investigation (Soria et al., 2012) . While homologs of CDYL have been previously implicated to play a role in spermatogenesis (Lahn et al., 2002) and be associated with certain types of cancers (www.oncomine.org), it will be interesting to use in vivo animal models to further investigate how the role of CDYL in transmitting repressive histone marks demonstrated in cultured cell lines could be implicated under these developmental or pathological conditions. Nevertheless, our study demonstrates that by interacting with CAF-1 and MCM, CDYL plays an important role in the maintenance of repressive histone marks during replication, providing a mechanism for understanding of the epigenetic inheritance and memory.
Materials and methods

TALEN-mediated CDYL knockout
A TALEN binding pair was chosen from CDYL gene in the second exon between GTT222964 and AAG223630 (total 667 bp), because the first exon of CDYL is too short (total 24 bp). The genomic recognition sequences of TALEN left and right arms are GAGGAATACATCCACGAC (L) and GCTCTCCTTCTGCTTCTC (R), spaced by 16 bp and anchored by a preceding T base at the −1 position to meet the optimal criteria for natural TAL proteins (Boch et al., 2009; Moscou and Bogdanove, 2009; Sanjana et al., 2012) . TALEN vectors of left and right arms, TALEN-CDYL-L and TALEN-CDYL-R, were obtained by one-step ligation using FastTALE™ TALEN assembly kit (SIDANSAI Biotechnology) according to the manufacturer's instructions. U2OS and HeLa cells were transfected with the two TALEN-CDYL vectors. Puromycin-resistant cell clones were analyzed by PCR, and DNA sequencing was performed to confirm CDYL deletion.
SILAC-based quantitative MS
U2OS cells were arrested with a double thymidine block (2 mM thymidine for 17 h, released for 12 h, followed by a second treatment of 2 mM thymidine for 17 h). The cells were subsequently released into Lys-6 ([ 13 C 6 ] heavy isotope-labeled L-lysine)-supplemented medium for labeling. Total histones were isolated from cells using acid extraction (Shechter et al., 2007) . In brief, cells were lysed with hypotonic lysis buffer (10 mM Tris-HCl, pH 8.0, 1 mM KCl, 1.5 mM MgCl 2 , 1 mM DTT, and protease and phosphatase inhibitors added just before use) and subsequently incubated for 30 min on rotator at 4°C. After centrifugation, the supernatant was removed with pipette, and the pellet was resuspended in 0.4 N H 2 SO 4 . Histone samples were resolved using 12% SDS-PAGE gels and subjected to MS analysis. For stable isotope labeling-based quantification, the retrieved results from Mascot were analyzed by MSQuant to calculate the ratios for the heavy/light peptide pairs.
More methods can be found in Supplementary material.
Supplementary material
Supplementary material is available at Journal of Molecular Cell Biology online.
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